Introduction
A central challenge in modern chemical synthesis is the development of replacement methods for economically and environmentally unsustainable and energy demanding methods. The continued reliance of contemporary synthetic methods on predominantly stoichiometric atom inefficient and often toxic oxidants, such as peracids, chromates, permanganates and OsO 4 , reflects in large part the challenge that is faced. In addition to the evident environmental benefits, catalyst development is also driven by the increased scarcity of metals such as ruthenium and osmium. Indeed, it is this latter aspect that moves 1 st row transition metal catalysed oxidation 1 with O 2 and H 2 O 2 to centre stage, 2, 3, 4 in particular systems based on titanium, copper, 5 iron and manganese. 6, 7, 8, 9 Manganese, together with iron, 10, 11 has proven to be one of the more promising metals on which to base new catalytic oxidation systems. This is in large part due to the remarkably versatile redox chemistry of manganese with the formal oxidation states II-V and VII being readily accessible. Initial interest regarding manganese coordination chemistry focused on developing structural and functional mimics for manganese catalases and the oxygen evolving complexes of photosystem II. 12, 13 However, over the last two decades the focus has shifted towards applying such systems in oxidation catalysis.
In this chapter, the focus will be placed on a select group of manganese based homogeneous catalyst systems for alkene oxidation that have received attention with regard to the mechanism by which the catalysts work and their potential active intermediates. Manganese porphyrin, Schiff base and salen 14, 15, 16 based systems have been discussed in depth elsewhere, and will not be discussed here. 17 In addition, the substrate scope of individual systems will only be discussed where relevant with regard to mechanistic considerations. Finally, because of the increased importance placed on sustainability in chemical processes, the scope of this chapter will be limited to systems that employ H 2 O 2 to effect alkene oxidation and, in some cases for comparison, peracetic acid as terminal oxidant.
The goal of this chapter is to survey the various approaches that have been taken to understand how these catalysts actually work and in particular understanding the role of additives in controlling reactivity. 18 One of the major challenges in studying manganese based catalytic systems is that Mn II ions and complexes are essentially spectroscopically white (high spin d 5 ) and highly labile, making detection difficult, often even by EPR spectroscopy and mass spectrometry. In the case of EPR spectroscopy 19 the range of oxidation and spin states that can be obtained with manganese is unusually broad and hence this technique is one of the few available to probe metal oxidation states and environments in situ.
Studying mechanism in manganese catalysed oxidation chemistry: tools of the trade

Mononuclear high spin Mn
II complexes are characterised by a strong 6-line (s = 5/2) signal at ca. g = 2. For di-and multinuclear complexes the EPR spectra are generally more informative, but signals may be weaker than those for Mn II , and can be quite complex in terms of g values and hyperfine coupling.
Mn III and Mn IV mono-and multi-nuclear complexes are kinetically much more stable with regard to ligand exchange and exhibit, generally, quite intense UV absorption bands, assigned to ligand to metal charge transfer transitions, and moderately intense visible and near-infrared absorption bands, the latter bands generally being assigned to metal centred transitions. Mononuclear (HS) Mn III and Mn IV complexes show 6-line EPR spectra typically at g = 2 and 4, respectively, however, they are often difficult to observe due to line broadening and are dependent on the crystal field strength of the complex.
In general both Mn IV,IV 2 and Mn III,III 2 dinuclear complexes are EPR silent, however, their diamagnetic and paramagnetic (i.e. over the 100 to -100 ppm range) can be informative and in some cases detailed assignments have been made using deuterium isotope labelling. 20 By contrast, the mixed valent Mn II,III 2 and Mn III,IV 2 complexes show quite rich EPR spectra that are characteristic of each redox state. For example Mn III,IV 2 dimers exhibit a 16-line spectrum at ca. g = 2.
Conveniently the complexes in oxidation states higher than Mn II have sufficient stability towards ligand exchange, which allows for mass spectral studies to be of use. Although even for these systems care should be taken in making assignments as ligand exchange and change in redox state can occur under the conditions of electro-spray measurements. 21 Perhaps two of the most powerful tools for studying mechanisms in manganese oxidation catalysis, and catalysis in general, are kinetics and isotopic labelling. 22 They can be used both for kinetic isotope effect determination and, more importantly, for atom tracking of oxygen, i.e. whether the oxygen(s) incorporated into the products originate from the oxidant (H 2 O 2 ), oxygen (O 2 ), solvent and/or H 2 O. A key challenge with regard to kinetics is that sufficient data are necessary in order to achieve reliable fits. Furthermore, it should not be forgotten that kinetic studies generally provide information only up to and including the rate determining step. This point can easily be overlooked and is made more challenging by the fact that in many systems the rate determining step, and indeed the mechanism itself, can change as conditions are varied.
Finally, the role of computational chemistry in mechanistic research continues to increase, despite the challenge presented by manganese systems, especially Mn II , and has already made important contributions to the field (vide infra). (Figure 1 ), a substantial increase in both the yield and the rate of reaction was achieved compared with the metal free system reported by Richardson et al.
Oxidations catalysed by 'ligand free' Mn systems
24
Figure 1 Typical reaction conditions employed by Burgess and coworkers for the manganese catalysed epoxidation of alkenes with bicarbonate/hydrogen peroxide. 25 Limitations due to substrate solubility demanded the use of organic co-solvents such as t BuOH or DMF. The system allowed for conversion of cyclic, aryl-and trialkylsubstituted alkenes to their corresponding epoxides in high yields, however, terminal alkenes were unreactive. 25 Although the system is 'ligand free', Burgess and coworkers investigated the use of additives to enhance activity towards epoxidation and, more importantly, to suppress wasteful decomposition of H 2 O 2 . 26 This latter issue has also driven the use of additives in other manganese based catalytic systems as will be discussed below. The optimum conditions for epoxidation with respect to product yield, decreased reaction times and H 2 O 2 consumption (2.8-5 equiv.) were found to be sodium acetate (6 mol%) in t BuOH or salicylic acid (4 mol%) in DMF.
Figure 2
Proposed catalytic cycle for manganese catalysed epoxidation with bicarbonate/hydrogen peroxide, where X n is an undefined ligand. 25, 26 From a mechanistic perspective, a key feature of the system is the necessity for bicarbonate to be present (i.e. as buffer). In addition to acting as a buffer, it is believed that bicarbonate generates the peroxymonocarbonate ion (HCO 4 -) in situ (Figure 2 ), based on 13 C NMR spectroscopic data. 26 This species can be generated either from peroxymonocarbonate (HCO 4 -) coordinated directly with Mn II or HO 2 -coordination to Mn II followed by coordination of bicarbonate (Scheme 2). Pathway b would be facilitated by an increase in pH and vice versa. The decreased levels of epoxidation observed at higher pH and the relatively high pK a of H 2 O 2 suggests that it is the peroxymonocarbonate that coordinates to the manganese (pathway a in Scheme 2). With regard to oxygen transfer to the alkene, it remains unclear whether intermediate A epoxidises the alkene directly or via a Mn IV =O species. Of particular note is the observed lack of stereoretention in the oxidation of cis-and trans-acyclic disubstituted alkenes, which indicates a stepwise oxygen atom transfer process. However, as yet there is insufficient evidence to fully elucidate whether oxygen transfer to the alkene occurs via the peroxy species or the Mn IV =O species. Although, not 'free manganese ion' based, the system reported recently by Kwong et al. 27 demonstrated the activity of a relatively simple Mn IV complex, [Mn IV (N)(CN) 4 ], originally reported by Wieghardt and coworkers. 28 The system shows remarkable efficiency in the epoxidation of alkenes with, as for the system of Burgess and coworkers above, lower reactivity being observed for terminal alkenes. In addition, efficient oxidation of primary and secondary alcohols was reported. From a mechanistic point of view, the retention of configuration observed for cis-stilbene is important and suggests an essentially concerted oxygen transfer process. Moreover, the mechanistic probe, 2-methyl-1-phenyl-2-propyl hydroperoxide, indicated that heterolysis of the O-O bond rather than homolysis occurred. 29 The effect of additives, a recurring theme in manganese catalysed oxidation with H 2 O 2 , was studied also. 27 Acetic acid was found to have a moderate positive effect on the yields and a considerable effect on reaction rates. It could be argued that this may indicate the formation of peracetic acid in situ, however, as noted in other studies (vide infra), this can be discounted under the conditions employed.
Instead, DFT calculations indicate that the manganese centre acts as a Lewis acid to activate the O-O bond of H 2 O 2 towards heterolytic cleavage rather than the formation of a high valent manganese-oxo species. Based on calculated intermediates, it is proposed that the role of acetic acid is to further weaken the O-O bond through hydrogen bonding interactions and facilitate proton transfer.
Quinoline based ligands for manganese catalysed oxidation
It is arguable whether or not it is appropriate to use the term 'ligand free' in catalyst systems based on manganese salts, since in principle the additives used to promote activity, can play a role in forming defined complexes. In the case of pyridine based additives, it is generally assumed that they promote activity by acting as ligands, with the catalysts being formed in situ. Perhaps one of the most simple pyridine based ligands applied to manganese based oxidation catalysis, with H 2 O 2 , is the 8-hydroxyquinolines.
Recently, Zhong and coworkers reported a manganese catalyst based on 6-chloro-8-hydroxy-7-iodo-quinoline (HQ) (Scheme 3). 30 The authors demonstrated that the system is highly efficient in the epoxidation of a broad range of alkenes with H 2 O 2 in acetone/water. The tris-complex Q 3 Mn III can be prepared in situ by mixing HQ with Mn II salts or can be prepared in advance.
The coordination mode of the complex was found to be pH dependent, which allowed for the activity to be 'switched' on and off. Notably, the preformed complexes (Q 3 Mn III ) provided only low substrate conversion. As with the system of Burgess and coworkers described above, 25, 26 weakly acidic additives, e.g. NH 4 Cl or NH 4 OAc-AcOH, increased conversion, whereas basic additives, except NaHCO 3 , resulted in a decrease in conversion. The fact that the addition of NaHCO 3 increased activity is possibly due to formation of the peroxymonocarbonate ion (HCO 4 -) as noted by Burgess and coworkers. 25 This highlights a common difficulty in the field in which tuning of reaction conditions can sometimes lead to convergence of conditions between systems that are, at first sight, quite different. Notwithstanding this, the HQ based system of Zhong et al. 30 allows for epoxidation of both aliphatic and aromatic alkenes where acid-sensitive epoxides are formed. This suggests that the ligand decreases the Lewis acidity of the Mn III ion and hence the propensity for the catalyst to engage in catalytic epoxide ring opening. Although the spectroscopic data available is limited, the authors proposed that a pendant OH group in species C (Scheme 3) is important in the reaction and plays two roles; firstly it acts as a labile ligand that inhibits the formation of potentially inactive µ-oxo-manganese dimers and, secondly, it facilitates O-O bond cleavage through hydrogen bonding interactions. This mechanism rationalises the low substrate conversion observed in the presence of basic additives, such as imidazole, which would shift the equilibrium in favour of species B.
Scheme 3 Epoxidation of alkenes using Mn-quinoline complex and H 2 O 2 . 30 
Polypyridyl amine based ligands for manganese catalysed oxidation
While the development of 'ligand free' catalyst systems is highly desirable in terms of alkene epoxidation and cis-dihydroxylation where stereochemistry is not a consideration, the paradigm for achieving stereocontrol over oxidation reactions is to employ well defined complexes in which the chiral environment is provided by a ligand. This concept has driven the design and synthesis of ligands for manganese based catalysts over recent decades, with the ultimate goal of achieving the same level of control achieved with, e.g. osmium based catalysts. 31 Perhaps the most successful ligand systems to date are those based on porphyrins 17 and salens 14 using oxidants such as oxone and NaClO. However, with notable exceptions, enantioselectivities and especially turnover numbers are limited when H 2 O 2 is employed as terminal oxidant. 33 as well as oxidation of alcohols to their corresponding ketones or aldehydes. 34 An attractive feature of this type of ligand is that the route used in their synthesis allows for facile introduction of various groups either on the central diamine unit or by replacing one or more of the pyridyl rings. However, a key drawback of these catalysts in the oxidation of alkenes was that excess oxidant was required (8) (9) (10) (11) (12) (13) (14) (15) (16) , featuring a two-carbon spacer between the two N-donor sets in the ligand, was unreactive both in the epoxidation of alkenes and in the oxidation of alcohols. 34 A lack of retention of configuration was reported, i.e. a mixture of cis-and transepoxide products were formed upon epoxidation of cis-β-methyl-styrene, and the observation of benzaldehyde in the oxidation of styrene and cinnamyl alcohol 38 indicated that radical intermediates are formed in the reaction mixture.
Although pre-prepared complexes were used in initial studies, in situ catalyst preparation was also investigated in the oxidation of alcohols. 34 Depending on the ligand used, a lag period of between 30 min and 3 h was observed. An (X-band) EPR spectroscopic and ESI-MS study of the reaction mixture with in situ prepared catalysts was described. 34 Initially, the reaction mixture was EPR silent at 77 K, however, 15-90 min (depending on the ligand used) after addition of substrate and H 2 O 2 a 16-line signal (A = 78 G), characteristic of a Mn III,IV 2 complex was observed. ESI-MS measurements were less informative as only the mononuclear Mn II complexes of the ligands were observed (vide supra). 21 Although it will be shown in Chapter 3 of this thesis that ligand degradation to pyridine-2-carboxylic acid was responsible for the conversion observed (under slightly basic conditions in the presence of ketones), this, a priori, does not mean that the use of polypyridyl amines as ligands for manganese is unpromising in oxidation catalysis when H 2 O 2 is used as terminal oxidant.
On the contrary, following on from the excellent results reported by Stack and coworkers, using peracetic acid (PAA) as terminal oxidant, 39 Costas A central question, however, is the role of acetic acid. Indeed, given that PAA contains significant amounts of H 2 O 2 , it could be argued that the primary difference is that by using acetic acid and H 2 O 2 , traces of strong acids present in PAA are avoided. It should be noted, as demonstrated in Chapter 3, that degradation of pyridyl amine based ligands was not observed under acidic conditions with H 2 O 2 (i.e. in the presence of acetic acid) and hence it could be speculated that one role played by the acetic acid is to inhibit ligand oxidation. Furthermore, it is apparent from the report of Garcia et al. 40 and Dong et al. 41 (vide supra) that the in situ formation of PAA does not occur, as has been reported earlier by Que and coworkers. 42 Overall, though several mechanistic differences between the acetic acid/H 2 O 2 and the PAA systems demonstrate that the mechanisms involved in each case are likely to be different. The the rate of oxidation of trans-stilbene is six times that of cis-stilbene, in contrast to the PAA system, where it is only twice the rate. 40 Furthermore, the difference in the Hammett sensitivity parameter between the acetic acid/H 2 O 2 ( = -1.2) and PAA ( = -0.67) systems suggests that, although the mechanisms could be analogous (i.e. both active species are electrophilic), the active oxidant in each case is different. Regarding the mechanism, epoxidation was found to be highly stereospecific, even for stilbene, indicating a concerted oxygen transfer to the alkene. These data taken together with the incorporation of 18 O solely from H 2 O 2 indicate a Lewis acid activation towards heterolysis of the O-O bond, which is assisted by the acetic acid. 40 prompted Sun and coworkers 43, 44 and later Lyakin et al., 45 to develop enantioselective epoxidation catalysts based on this class of ligand. In these series of reports, the enantioselectivities achieved for a wide range of substrates are good to excellent, which holds considerable promise for the future. Figure 6 ). O was observed. Although these species have demonstrated activity in C-H abstraction, it is important to note that they are completely inactive in the epoxidation of alkenes, and hence cannot be viewed as 'active intermediates' in a catalytic cycle. 47 This point is considered below in regard to cyclam based systems.
Enantioselective epoxidation with pyridyl amine based manganese catalysts
Mechanistic considerations with pyridyl amine based manganese catalysts
It can be expected that the range of compounds within the BPMEN class will expand in the near future providing ligands with high enantio-and regio-selectivity, which will see application with more non-standard substrates, such as in the selective epoxidation of a precursor to epoxomicin demonstrated by Sun and coworkers 44 and the selective oxidation of the cis-alkene in trans,cis-2,6-nonadienyl demonstrated by Costas and coworkers. 40 A key challenge, however, in light of results reported in Chapter 3, is that ligand oxidation can occur and the involvement of pyridine-2-carboxylic acid should not be neglected.
In this aspect the recent report by Song et al., 48 albeit not using H 2 O 2 , in which a more oxidatively stable pyridyl amide based ligand design is of note (Figure 7) . The system showed good activity in oxidation catalysis with mCPBA (meta-chloroperbenzoic acid) and PAA. Mechanistic studies indicated that multiple pathways were involved, the relative importance of each depending on the exact conditions employed. In light of the systems described above it would be of interest for these systems to be studied with acetic acid/H 2 O 2 also. N,N',N''-trimethyl-1,4 ,7-triazacyclononane (TMTACN), which were originally developed by Wieghardt and coworkers 49 as models for the oxygen evolving complex of photosystem II and to mimic dinuclear manganese catalases, have attracted the attention of several research groups towards oxidation catalysis over the last two decades. 50 This interest was prompted by researchers at 55 that could also be generated in oxidation reactions using a mononuclear Mn IV -complex and from an in situ prepared Mn II -complex using MnSO 4 and the TMTACN ligand. 55 A central question, however, relates to the actual relevance of such species in the oxidation of alkenes as will be discussed in the last section.
Shortly after the initial reports of the activity of [Mn IV,IV 2 (-O) 3 were required to achieve good conversion (up to 80%) of alkenes to their corresponding epoxide products. 56 The dramatically increased efficiency in H 2 O 2 , achieved by carrying out reactions in acetone, could be assigned to the 'buffering' of the system by forming acetone-H 2 O 2 adducts. However, the potential oxidation of acetone itself, which competes with oxidation of organic substrates, may be an alternate explanation for the effects observed. This is especially the case in light of the later discovery by De Vos et al., where efficient epoxidation of a range of alkenes was achieved with suppression of the H 2 O 2 decomposition (using 1.5 equiv. of H 2 O 2 ) when carboxylic acids (such as fumaric acid) and especially oxalate-buffered aqueous acetonitrile were used. 57 It is interesting to note, in light of later studies (vide supra), that in the report of De Vos et al. acetic acid was not found to be effective in promoting the epoxidation activity of [Mn IV,IV 2 (-O) 3 
(TMTACN) 2 ]
2+ whereas dicarboxylic acids and 1,3-diones were.
Indeed, only 3 equiv. of acetic acid (w.r.t. catalyst) were employed. This, together with the generally poor enhancement seen with electron-rich carboxylic acids, 64 would not be sufficient to form an active system. In contrast, electron-poor dicarboxylic acids have an effective concentration of carboxylic acid groups, twice that of their molar concentration, and would be expected to be able to form catalytically active bis-carboxylato bridged complexes. Lindsay-Smith, Schul'pin and coworkers subsequently demonstrated that with excess acetic acid (w.r.t. substrate) activity was observed in the oxidation of alkanes and alkenes. 58 Subsequent to the reports of De Vos and coworkers, 56, 57 Berkessel and Sklorz reported that addition of L-ascorbic acid and sodium ascorbate was equally effective in suppressing H 2 O 2 decomposition with this catalyst (prepared in situ from the ligand TMTACN and a Mn II salt) and enabled both the epoxidation of alkenes and oxidation of alcohols with 2 equiv. of H 2 O 2 . 59 Although the primary focus initially was on alkene epoxidation, a key observation in terms of reactivity was made by De Vos and coworkers in the first example of a heterogenised version of the catalyst system. 60 In addition to obtaining the expected epoxide product upon oxidation of alkenes with H 2 O 2 , De Vos et al. also observed the cis-dihydroxylation product. Although low selectivity is not normally a positive result in catalysis, the observation of cis-dihydroxylation with a manganese catalyst and H 2 O 2 was remarkable. Subsequent efforts to identify additives for the Mn-TMTACN system identified glyoxylic acid methylester methyl hemiacetal (GMHA) as an additive to promote the activity of the catalyst, suppress H 2 O 2 disproportionation and provide moderate selectivity towards cis-dihydroxylation. 61 A notable feature of the additive GMHA is that, although it suppressed H 2 O 2 disproportionation completely, a significant lag period (1 h) was observed. Indeed a lag period is a common feature of the Mn-TMTACN system, except where L-ascorbic or oxalic acid is employed (vide infra). The lag phase indicates that the [Mn IV,IV 2 (-O) 3 More recently, attention has focused on elucidating both the mechanism by which the catalysts work and understanding the specific role(s) played by various additives in enhancing the efficiency and selectivity of the reaction. 63 Initial studies focusing on catalytic properties had shown that addition of aldehydes (25 mol%) suppressed H 2 O 2 decomposition and increased conversion. Furthermore, the selectivity between epoxide and (cis)-diol products was affected considerably by the nature of the aldehyde used. However, the origin of this effect became apparent during mechanistic studies where it was shown that the corresponding carboxylic acids, present as impurities, were in fact responsible for the effects observed. 63 Reaction monitoring by UV/Vis spectroscopy, together with comparison with data reported earlier by Wieghardt, 49 Hage 20 and coworkers and independent synthesis of the complexes involved, 63 , was central to achieving reactivity (over 5000 turnovers) and selectivity (up to 7 : 1 cis-diol:epoxide product) with only 1.5 equiv. of H 2 O 2 w.r.t. the substrate. 63 In addition, de Boer et al. 64 highlighted that individual components in a reaction mixture can have more than a single role. In the case of the carboxylic acids, the first role is to protonate [Mn IV,IV 2 (-O) 3 and it is this phenomenon that was demonstrated to cause the lag-time observed, after which a sudden onset of the reaction occurred ( Figure 8 ). The second role played by the carboxylic acids is of course to act as a bridging ligand and it is this role that allows the (epoxide vs. cis-diol) selectivity and activity of the catalyst to be tuned. It should be noted that whereas electron withdrawing groups increase activity (presumably by facilitating the opening of the -oxo bridge of the complex and allowing for H 2 O 2 to coordinate to one of the Mn III ions), it is the steric effects that dictate selectivity. 64 A third, but no less important role for the carboxylic acids, is to stabilise the
complex; in the absence of several equivalents of the carboxylic acid (w.r.t. to the catalyst) the decomposition of the catalyst occurs. A final point with regard to mechanism is that at high carboxylic acid concentrations the selectivity shifts towards the epoxide product; the origin of this shift was found to be due to changes in solvent properties (specifically the 'wetness' of the solvent) and not to changes in the catalyst per se. Mechanistic studies demonstrated the interdependence of solvent, initial catalyst oxidation state, water and carboxylic acid concentration, and the nature of the carboxylic acid employed on both the activity and the selectivity of the catalysis. 64 No evidence for redox changes or a change in their dinuclear structure throughout the catalytic cycle has been found to date (Scheme 4). Absence of evidence, of course, does not preclude transient formation of a high-valent mononuclear species in the catalytic cycle, as proposed by several other groups. 50 However, it does imply that a mechanism in which the catalyst acts as a Lewis acid, together with a proximal -O-H ligand, should be considered also. Indeed the role of proximal hydrogen bond donors (e.g. acetic acid), together with Lewis acidic metal centres, in facilitating heterolytic cleavage of the O-O bond of H 2 O 2 has been inferred in several systems (vide infra).
Although direct observation of the active species may not be possible, a key mechanistic tool in oxidation chemistry with H 2 O 2 is atom tracking with 18 O labelling. de Boer et al. found, rather surprisingly, that only one of the oxygen atoms incorporated into the cis-diol product originates from H 2 O 2 with the other oxygen atom being provided by H 2 O, regardless of the type of carboxylic acid used as co-catalyst. 64 Concerning the origin of the oxygen atom in the epoxide product, the situation is less straightforward with both H 2 O 2 and H 2 O providing oxygen atoms, the extent of which depends on the particular carboxylic acid employed. A correlation between the selectivity of the catalyst/carboxylic acid system towards the cis-diol/epoxide ratio and the incorporation of oxygen into the epoxide from H 2 O was observed. The incorporation of oxygen from H 2 O into the epoxide product ranged from 18% for the 2,6-dichlorobenzoate complex (cis-diol/epoxide ratio 7) to 13.4% for the 2,4-dichlorobenzoic acid complex (cis-diol/epoxide ratio 2.7), to 3.4% for the salicylic acid (cis-diol/epoxide ratio 0.7). . 64 It was concluded that the more electrophilic the Mn-OH group of the proposed {Mn III (OOH)-Mn III (OH)} active species, the higher the cis-diol:epoxide product ratio would be. It should be noted that with the more electron withdrawing CCl 3 CO 2 H, an unprecedented 33% incorporation of oxygen from H 2 O into the epoxide product was observed.
A final point worth noting with regard to mechanistic studies is that in the absence of carboxylic acid, i.e. using the catalyst [Mn 64 Overall, however, the data reported by de Boer et al. 63, 64 supports a mechanism in which a dinuclear manganese complex acts both as a Lewis acid, to activate the O-O bond of H 2 O 2 towards hetereolytic cleavage and to present a proximal Mn-O-H unit to facilitate epoxidation, and to provide the 2 nd oxygen in cis-dihydroxylation (Scheme 5). The increased reaction rates observed with more electron-poor carboxylic acids, and the preference for electron-rich alkenes, are manifestations of the electrophilic character of the active species also.
Although it may be tempting to expect that the mechanism by which the Mn-TMTACN catalysts operate is only 'tweaked' by variation in the additive used, species was identified by UV/Vis spectroscopy. 67 This suggests that, except for the elimination of the lag time, mechanistically L-ascorbic acid promotes the reaction in a similar manner to the carboxylic acids. However, a caveat to such a conclusion is that electron-poor alkenes can be epoxidised with L-ascorbic acid as additive, 59 in contrast to the [Mn III,III 2 (-O)(-RCO 2 ) 2 (TMTACN) 2 ] 2+ catalysts, and hence in the former case a distinct mechanism may be in operation.
de Boer et al. 65 found that the oxalic acid/oxalate system developed by De Vos and coworkers 57 presented considerable complexity with regard to the mechanism. With the substrate, cyclooctene, initially only epoxidation was observed, however at a certain point in the reaction the cis-dihydroxylation product was also formed. Addition of extra oxalic acid before the change in selectivity occurred (ca. 3 h) results in only epoxidation occurring over the entire reaction. 65 These observations can be understood by considering that oxalic acid is unstable and, for example, can undergo oxidation to CO 2 . Hence the switch in reactivity observed is due to the eventual loss of the oxalic acid from the reaction mixture. Carboxylic acids present (formed by further oxidation of diols) are available to form the bis-carboxylato mn-TMTACN catalysts.
This latter mechanistic study highlights a general challenge in elucidating mechanisms in manganese oxidation catalysis; it is not necessarily the case that only a single mechanism can be in operation in a particular system. Although the mechanism switch observed with the oxalic acid/[Mn IV,IV 2 (-O) 3 (TMTACN) 2 ] 2+ system can be viewed as an extreme case, it is important to realise that changes in reaction conditions can switch mechanisms and that, as a reaction progresses, the changes in the reaction mixture (e.g. solvent polarity and composition, water content, product inhibition) can be sufficient to trigger such switches. Although the present discussion has focused on mechanistic aspects, in particular the role of additives in promoting the activity of the Mn-TMTACN family of complexes, a brief mention regarding enantioselective alkene oxidation is pertinent as well. A review of enantioselective epoxidation including systems catalysed by manganese is provided by Watkinson and coworkers. The recognition that carboxylic acids act as ligands stimulated renewed interest in heterogeneous Mn-TMTACN catalysts first investigated by De Vos and coworkers. 72 In contrast to the early studies in which the complexes were immobilised on mesoporous silica gel via a specifically modified TMTACN derivative, Notestein and coworkers 73, 74, 75 reported that immobilisation of the catalyst by in situ reduction of [Mn IV,IV 2 (-O) 3 
2+ in the presence of carboxylic acid coated silica particles allowed for similar levels of activity to be observed, both for epoxidation and cis-dihydroxylation, as found previously in homogeneous reactions by de Boer et al. (vide supra). 64 Although characterisation of the species formed in solution is relatively straightforward, when immobilised on surfaces/particles, the application of spectroscopic methods becomes more challenging. Nevertheless X-ray absorption spectroscopy and UV/Vis diffuse reflectance spectroscopy are particularly suited to studying the oxidation states of manganese and were applied in this case, demonstrating that [Mn IV,IV 2 (-O) 3 75 As for the homogenous systems discussed above, recycling of the heterogenised catalyst was limited which was ascribed tentatively to the effect of build-up of cis-diol in the reaction mixture. 75 Recently Bjorkman et al. 76 reported a microkinetic study of the heterogenised system with extensive use of modelling and concluded that the rate determining step was activation of the complex with H 2 O 2 . While direct extension of the conclusion of their study to the homogeneous system cannot be made, it is nevertheless consistent with the observation that the resting state for the catalyst is the complex [Mn 18 O-labelling studies and mass spectrometry, provided considerable mechanistic insight into this system. 78 Of particular note, with regard to selectivity, is the oxidation of cyclohexene which results in formation of cyclohexene oxide (18%) and cyclohexen-1-one (13%), as this indicates that the C-H abstraction ability (allylic oxidation) of the catalyst is substantial. However, the good selectivity in the oxidation of cis-stilbene and styrene, to their epoxide products, with minimal formation of benzaldehyde suggests that the catalyst does not generate radical species such as hydroxyl radicals.
Although catalysts based on this class of ligand have shown relatively modest activity (i.e. <45 turnovers in the oxidation of alkenes with excess H 2 O 2 using the catalyst [Mn II (Me 2 EBC)(Cl) 2 ]), 78 these systems are highly amenable to mechanistic studies as a consequence of their stability in higher oxidation states which facilitates their isolation. This allows the kinetic competence of various species to be determined in stoichiometric reactions and hence, their involvement under catalytic conditions to be evaluated.
In 
Conclusions
In this chapter, several approaches to manganese based catalyst systems for the oxidation of alkenes with H 2 O 2 are discussed. At the simplest level, 'ligand free' or, more correctly, in situ prepared catalysts, offer considerable promise towards low cost catalyst systems not only for epoxidation of alkenes but also for cis-dihydroxylation. However, such systems do present drawbacks, especially with regard to substrate scope, and the generally limited opportunities to tune selectivity and activity and also in regard to enantioselective oxidations. The near stoichiometric efficiency with respect to terminal oxidant (H 2 O 2 ) that has been achieved in several systems recently means that such systems are now suitable for application, even in large scale processes. From a mechanistic perspective it is apparent that, although such systems are simple to use, they are far from simple in regard to both the manganese itself and the roles played by other species in the reaction mixture. With regard to enantioselective oxidation of alkenes, the use of chiral ligands has shown some success. Indeed pyridyl amine based ligands offer perhaps the best prospects to date for epoxidation. By contrast, the synthetic challenges faced in preparing chiral Mn-TMTACN based catalysts have proven to be a serious impediment to progress in enantioselective oxidations. Here, the benefit of a mechanistic understanding is exemplified in the modest success achieved by use of chiral carboxylic acids as ligands.
From a mechanistic perspective, the ligand based systems discussed above indicate that, in the case of C-H abstraction, Mn=O species are likely to be involved whereas such species are less likely to be involved in alkene oxidations. In contrast to porphyrin and salen based manganese catalysts, mechanistic data available for the systems discussed in this chapter generally point towards involvement of Lewis acid activation of H 2 O 2 towards hetereolytic cleavage of the O-O bond rather than a high valent manganese oxo species being responsible for oxygen transfer to alkenes.
Finally, perhaps the most important take home message with regard to the mechanistic studies on these systems is that one should always remain open to the possibility that, even in the simplest systems, more than one mechanism may be in operation and that minor changes in conditions can lead to a switch between distinct mechanisms. This increases the difficulties encountered in mechanistic studies, of course, but on the positive side it also makes such studies much more fascinating.
Overview of the thesis
The research described in this thesis is concerned with the development of new methods for oxidative transformations of organic substrates, in particular, the cis-dihydroxylation and epoxidation of alkenes as well as the oxidation of alcohols and aldehydes and C-H activation. These methods are based on manganese catalysts and H 2 O 2 . A key aspect that is focussed on, is to achieve a mechanistic understanding of systems developed.
In Chapter 2, the application of Mn-TMTACN (N,N'N"-trimethyl-1,4,7-triazacyclononane) based catalysts for selective oxidation of organic substrates with multiple oxidation sensitive functional groups including alcohols, aldehydes, alkenes and alkanes is described. The goal of this study is to build on the recent identification of carboxylato bridge complexes as the catalytically important species. 64 Chapter 3 describes the discovery that many polypyridyl amine based ligands decompose in situ to pyridine-2-carboxylic acid and its derivatives, in the presence of Mn II , H 2 O 2 and a base in ketone containing solvents. This phenomenon is demonstrated by 1 H NMR spectroscopy. The activity and selectivity of the catalytic system, discovered through this study, was found to be identical to that observed with polypyridyl amine based catalysts for the oxidation of alkenes described previously.
In Chapter 4, a new practical method is reported for selective cis-dihydroxylation of electron deficient alkenes and epoxidation of electron rich alkenes based on the Mnpyridine-2-carboxylic acid catalytic system, the discovery of which is described in Chapter 3. The key role played by Raman spectroscopy for lead identification and reaction optimisation is also discussed.
Chapter 5 describes mechanistic insights into the catalytic system described in Chapter 4 consisting of pyridine-2-carboxylic acid/Mn II /base/ketone additive and H 2 O 2 . The study focusses on the role(s) of butanedione (the ketone additive) and its by-product (acetic acid) formed by the decomposition of butanedione by H 2 O 2 . A range of physical techniques including NMR, UV/Vis, Raman spectroscopy and mass spectroscopy was employed to follow the reaction both online and offline. The complex interplay of reaction components is discussed in depth.
In Chapter 6 the results presented in this thesis are discussed in term of the advantages and drawbacks of the systems as well as placed in perspective with regard to solutions and possibilities for future development.
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